<0.01) and 46.5 14.4% (P < 0.001). GFR rose by 23.7 5.9% (P < 0.05) and 42.7 29.1% (P < 0.001) in the two groups. Plasma growth hormone rose only in the normal subjects, while glucagon increased in both groups. Infusion of arginine HCI, 200 mg/kg, into normals increased ERPF and GFR without increasing plasma osmolality. Lower arginine doses essentially did not affect ERPF, GFR, growth hormone, or glucagon. Infusion of D-glucose into normals raised plasma osmolality as high as with arginine HCI, 500 mg/kg, but increased ERPF only slightly and not GFR; D-glucose infusion caused a delayed rise in growth hormone that was unassociated with an increase in ERPF or
GFR. An infusion of ammonium chloride with sodium chloride, which provided an amount of chloride similar to the 500 mg/kg arginine HCI dose, did not change ERPF and GFR; this suggests that the chloride load did not cause the altered renal hemodynamics stimulated by arginine HCI. These findings indicate that neither normal plasma growth hormone levels nor a rise in growth hormone mediates the arginine-induced acute increase in ERPF or GFR. This effect is also not due to the osmolar load but could be caused by the rise in plasma glucagon.
Humans and animals undergo a transient but reproducible increase in renal plasma flow (RPF) and glomerular filtration rate (GFR) in response to an amino acid or protein load [1] [2] [3] [4] . Although several studies have examined the mechanisms underlying this response, the factors controlling these processes are still not well defined. Growth hormone has been implicated as a possible cause of the amino acid or protein induced rise in RPF and GFR. The evidence stated briefly is as follows: (a) plasma growth hormone rises rapidly but transiently in response to a protein or amino acid load [51; (b) injections of growth hormone for several days increases RPF and GFR in humans [6, 7] ; (c) acromegaly, a disease with chronically-elevated plasma growth hormone concentrations, is also associated with high RPF and GFR [81; (d) a protein meal increases GFR in normal individuals but not in growth hormone-deficient patients [9] .
Received for publication June 27, 1986 and in revised form February 5, 1987 © 1987 by the International Society of Nephrology The present study was undertaken to examine in greater detail whether the presence of normal plasma growth hormone levels or a rise in plasma growth hormone is necessary for the amino acid-induced rise in RPF and GFR. The question was addressed by infusing intravenously arginine hydrochloride, a potent secretagogue for growth hormone, into normal individuals and patients with growth hormone deficiency.
Methods
Studies were carried out in six patients with growth hormone deficiency and 27 normal individuals who were subjected to one or more of the following infusion protocols: Three men and three women with growth hormone deficiency, aged 33 7 (SD) years, and four male and four female normal volunteers, aged 30 5 years, were infused for 30 minutes with arginine HCI, 500 mg/kg body weight or 30 g, whichever was less. Their weights were 67.7 1.4 and 62.9 5.0 kg, respectively. Three men and one woman, 35 6 years old, and all normal, received 200 mg/kg of arginine. Three normal men, 26 4 years old, received 50 mg/kg arginine HC1; two men and one woman, normal, and 29 3 years old, were given 10 mg/kg of arginine HC1 and three male and two female normal volunteers, 32 5 years old, received 1000 mg/kg of D-glucose monohydrate. This latter compound was infused as 5 mi/kg of 20% dextrose (900 mg/kg of anhydrous glucose) up to a maximum of 300 ml of the dextrose solution. Finally, five normal men, 33 4 years old, were infused with 70 mmol of ammonium chloride and 70 mmol of sodium chloride in 300 ml water over 30 minutes.
The subjects showed no evidence of disease except for the endocrine disorders in the growth hormone-deficient patients.
The causes of growth hormone deficiency were hereditary isolated growth hormone deficiency (one patient), hereditary panhypopituitarism (one patient), secondary panhypopituitarism due to Sheehan's syndrome (two patients), and hypophysectomy for nonmalignant tumors (two patients). The growth hormone-deficient patients received replacement therapy with thyroid (five subjects), testosterone (three patients),and prednisone (three subjects). Only two of the six patients had received growth hormone injections, but not for at least seven years before the study. The subjects were fasted from midnight before the experiment until the study was completed. The only exception was water. The individuals drank 1000 ml of deionized water between 7:20 and 8:00 a.m. and 300 ml of deionized water every hour thereafter at exactly ten minutes before the hour. The ammonium chloride and sodium chloride solution was also infused from 11:30 a.m. to 12:00 noon. However, the protocol differed with the latter infusion in that only seven, 30 minute PAH and inulin clearances were performed; three before, one during and three after the infusion. Also, growth hormone, glucagon, sodium and arginine were not measured.
Effective renal plasma flow (ERPF) and glomerular filtration rate (GFR) were measured as the PAH and inulin clearances, respectively. Plasma PAH and inulin at the beginning and end of each clearance period were averaged for calculation of the clearance values. PAH and inulin were measured in plasma and urine as previously described [10, 11] . Two specimens were obtained at each blood drawing for measurement of PAH and inulin concentrations; each specimen was analyzed in duplicate or triplicate. A pooled control sample of plasma was measured with each batch of inulin and PAR determinations. The coefficients of variation for the analyses of the pooled controls were 2.9% for PAH and 4.3% for inulin. Sodium was measured in plasma and urine with a flame photometer (Model 143, Instrumentation Laboratory, Boston, Massachusetts, USA). Plasma osmolality was determined by freezing point depression in arginine level (r = 0.802, P < 0.05). The maximum increase in plasma arginine in the growth hormone-deficient patients was not significantly greater than in the normal individuals who received 500 mg arginine HC1/kg. However, the plasma arginine concentrations were greater in the growth hormone deficient patients as compared to the latter individuals at 60 minutes, and 2.5 to 4.5 hours after the arginine infusion (Fig. 1) . The actual intake of arginine HCI in the growth hormone deficient and normal subjects was 439 95 and 450 66 mg/kg, respectively.
The ERPF, GFR, and plasma growth hormone and glucagon levels are shown in Figure 2 and Table 1 . For ERPF, GFR, and the fractional excretion of sodium, the baseline period for each patient is defined as the mean of the four clearance periods immediately prior to the infusion of arginine or glucose. During the baseline period, these parameters did not change.
In the normal and growth hormone-deficient subjects receiving arginine HCI, 500 mg/kg, there was a significant increase in ERPF of28.9 11.4% (P < 0.01) and 46.5 14.4% (P <0.001), respectively. Although the maximal ERPF levels did not differ between the two groups, the magnitude of the rise, expressed in absolute values or as a percent change was significantly greater in the growth hormone-deficient patients (P < 0.05). In both, the normal and growth hormone-deficient individuals, there was a significant rise in GFR during the arginine infusion of 23.7
5.9% (P < 0.05) and 42.7 29.1% (P < 0.001), respectively. This rise in GFR whether expressed in absolute values or as a percent increase, did not differ significantly between the two groups. In the individuals receiving 200 mg/kg of arginine HC1, the rise in ERPF and GFR was not different from the normal subjects infused with arginine HCI, 500 mg/kg ( Table 1 ). The rise in ERPF and GFR in these three groups was rapid, reaching maximum levels during the arginine infusion and falling back to baseline during the 30 or 60 minute period that followed the infusion. There was no significant rise in ERPF or GFR in the normal subjects who received 50 or 10 mg/kg of arginine HCI.
During the arginine infusion, plasma growth hormone did not rise in the growth hormone-deficient patients. In the normal subjects receiving 500 or 200 mg/kg of arginine HCI plasma growth hormone was not increased after 15 minutes of the infusion, but was significantly elevated at the end of the infusion and attained maximum levels at 45 and 60 minutes after the onset of the arginine administration ( Fig. 2 and Table 1) . Following the infusion, plasma growth hormone levels decreased gradually to preinfusion levels. Plasma growth hormone rose slightly but significantly only at 45 minutes after the onset of the infusion in the subjects receiving 50 mg/kg of arginine HCI, and did not rise in the individuals receiving 10 mg/kg of this compound (Table 1) .
Plasma glucagon concentrations increased within 15 minutes of infusion in both the growth hormone-deficient patients and in the normal subjects who received either 500 or 200 mg/kg of arginine HCI and fell gradually back to baseline after the infusion. Plasma glucagon did not increase significantly in the subjects who received 50 mg/kg or 10 mg/kg of arginine HCI (Table 1) .
The maximum plasma osmolality was observed at the end of the infusion (Table 1 ). In the growth hormone deficient and normal individuals receiving arginine HCI, 500 mg/kg, the rise in plasma osmolality was 9 3 and 11 5 mOsm!kg, respectively. After the infusion, osmolality fell progressively to baseline. There was no significant increase in plasma osmolality in the individuals receiving lesser quantities of arginine.
Since it is possible that a rise in plasma osmolality and blood volume induced by the arginine infusion caused the increase in ERPF and GFR, a control group of five normal subjects was infused for 30 minutes with 1000 mg/kg of D-glucose monohydrate or 60 g, whichever was less. This infusion increased plasma osmolality to 11 4 mOsm/kg, which was similar to the rise in the normal and growth hormone deficient subjects who received 500 mg/kg of arginine HCI (Table 1) . However, the maximum increase in ERPF and GFR after D-glucose infusion was only 11.2 7.2% (P < 0.05) and 8,7 8.4% (P NS), respectively, (Table 1, Fig. 3 ). This increase in ERPF and GFR was significantly less than in the normal individuals infused with either 500 or 200 mg/kg of arginine HC1 (at each dose of arginine infused, P <0.05 for ERPF and P < 0.05 for GFR) and in the growth hormone-deficient patients (P < 0.05 for each comparison).
During the glucose infusion, when the ERPF rose and the GFR tended to increase there was no associated elevation in plasma growth hormone or glucagon (Fig. 3) . However, plasma growth hormone increased significantly between three and four hours after the onset of the infusion to a maximum value of 11.2 5.8 ng/ml. ERPF and GFR were not elevated above baseline at this time.
The infusion of 70 mmol ammonium chloride with 70 mmol sodium chloride in 300 ml water was carried out to assess whether the chloride load without arginine might increase ERPF and GFR. There was no change in either ERPF or GFR with this infusion ( Significantly different from baseline values, " P < 0.05, P < 0.01, P < 0.001. arginine HCI. Moreover, the rise in plasma osmolality with the ammonium and sodium chloride infusion was greater than with the 200 mg/kg of arginine HCI infusion (P < 0.05), where there was no significant change in plasma osmolality (+ 3 ± 4 mOsm/kg).
The fractional excretion of sodium rose in the growth hormone-deficient patients and the normal subjects infused with 500 or 200 mg/kg of arginine HCI (Fig. 4) . The rise was most dramatic in the growth hormone-deficient patients, where the fractional sodium excretion increased from 1.78 ± 0.89% during baseline to a maximum value of 5.30 ± 2.72% which occurred one hour after the onset of the arginine infusion. The rise in the normal subjects given 500 or 200 mg/kg of arginine HCI was more gradual, and the maximum increase, which was less marked, occurred four or four and one-half hours after the end of the infusion (Fig. 4) .
Discussion
This study was carried because of previous reports that in man and several animals an oral protein load or intravenous infusion of amino acids causes a rapid but transient increase in RPF and GFR [2] [3] [4] . Peptide hormones have been suggested as a cause of this response because somatostatin, which blocks the secretion of these hormones, also prevents the amino acid induced rise in RPF and GFR [4] . Both growth hormone and glucagon have been implicated [4, 7, 9] .
We tested the hypothesis that either the presence of normal plasma growth hormone concentrations or a rise in plasma growth hormone-levels is necessary for the amino acid induced rise in RPF and GFR. L-arginine HCI, a potent secretogogue of growth hormone [12] , was infused into both normal and growth hormone-deficient subjects. Both groups exhibited a substantial and transient increase in RPF and GFR, which was similar in magnitude to the rise after an oral protein load or mixed amino acid infusion in humans [4, 9] . The finding that plasma growth hormone was very low and did not increase during the arginine infusion and increased mainly after the infusion only in the normal subjects indicates that growth hormone did not mediate the arginine induced rise in RPF and GFR.
Other findings in this study also suggest that growth hormone does not play a role in the amino acid-induced acute rise in RPF and GFR. First, in the normal subjects, the maximum rise in growth hormone occurred after the rise in RPF and GFR.
However, this discrepancy could be explained by an all or none response whereby when a certain plasma hormone level is attained, a maximal response is elicited and an additional increase in hormone stimulates no further response. Second, in the normal individuals who were infused with D-glucose, there was a small increase in RPF during the infusion even though plasma growth hormone-levels did not change. Third, in these same individuals, there was a delayed, approximately ninefold increase in plasma growth hormone-levels. This rise was approximately of the same magnitude as that observed in our normal subjects infused with 200 mg/kg of arginine HC1. How ever, in the individuals given D-glucose, the rise in plasma growth hormone was associated with, if anything, a tendency for RPF and GFR to fall. Since the plasma arginine concentrations rose greatly with the 500 mg/kg dose, to 8055 2191 and 13963 7404 tmol/liter in the normal and growth hormone-deficient subjects, we studied the response to lower doses of arginine HC1 in the normal individuals. The purpose of this study was to evaluate the effect on growth hormone and renal function of an amino acid load that was more physiological. When 200 mg/kg of arginine HC1 was administered, the maximum rise in plasma arginine values, to 2342 1527 .tmoL1liter, was similar to the total increase in plasma amino acids that occurs after a protein meal. Although plasma growth hormone and glucagon rose somewhat less with this infusion, the increment in RPF and GFR was similar to that of the normal individuals given 500 mg/kg of arginine HCI. Infusions of lower doses of arginine HC1, 50 and 10 mg/kg, were carried out in normal subjects to assess whether RPF and GFR would increase in the absence of a rise in growth hormone. We were unable to demonstrate such an effect, and so these studies were not continued.
The lower doses of arginine were also infused to investigate the possibility that the 500 mg/kg dose of arginine HC1 increased RPF and GFR by an osmotic effect that increased plasma volume. The finding that, in the normal individuals given 200 mg/kg of arginine HCI, there was an increase in RPF and GFR but not in plasma osmolality suggests that an increase in plasma volume was not a major cause of the increase in renal function.
This same issue was examined by infusing the D-glucose solution in a volume of water equal to the 500 mg/kg arginine HC1 infusion. In this study, the osmolality increased to the same degree as in the normal and growth hormone-deficient subjects who received 500 mg/kg of arginine HC1. The ERPF, however, rose much less, and the GFR did not rise significantly.
A small rise in ERPF and GFR with D-glucose infusion has been observed previously in humans and rats [3, The ammonium chloride and sodium chloride solution provided the same osmolar and chloride load as the 500 mg/kg arginine HCI infusion. The finding that there was no change in ERPF and GFR with the former infusion indicates that neither, the osmolar nor the chloride load can account for the increase in renal hemodynamics with the arginine infusion. Several investigators have implicated tubuloglomerular feedback as a mechanism contributing to the amino acid or protein induced increase in GFR [14] [15] [16] [17] . However, during infusion of 500 mg/kg or 200 mg/kg of arginine HCI, the fractional excretion of sodium increased in the growth hormone deficient and normal subjects. These findings, although not conclusive, would suggest that the arginine HCI infusion, if it had any effect on tubuloglomerular feedback, would stimulate it to reduce the GFR. It is therefore unlikely that this mechanism could account for the arginine HCL-induced rise in RPF and GFR,
The results of the present study suggest that growth hormone does not mediate the acute amino acid-induced rise in RPF and GFR.
The finding of Kleinman and Glassock that after a large protein meal, GFR increased in all normal individuals but not in growth hormone-deficient subjects is puzzling [91. However, plasma growth hormone rose in only one of their four normal subjects. This also indicates that an increase in plasma growth hormone is not necessary for the acute rise in GFR after the protein load. The authors conclude that a pituitary-hypothalamic disorder, other than the growth hormone deficiency, may be responsible for the failure of GFR to increase in the growth hormone-deficient patients [91.
Parving and associates observed no increase in RPF or GFR in normal individuals who were infused with growth hormone for two hours [18] . The finding that growth hormone injections for several days increased RPF and GFR suggests that persistent or recurrent elevations of this hormone could increase RPF and GFR [6, 7] . Serum somatomedin levels may not increase until many hours after plasma growth hormone rises [19] . Hence, the finding that a rise in plasma growth hormone for several days causes a delayed increase in RPF and GFR may indicate that these latter efffects are mediated by somatomedins.
In the present study, the rise and peak values of plasma glucagon after the infusion of 500 mg/kg or 200 mg/kg of arginine HC1 occurred at the same time that RPF and GFR increased in the normal and growth hormone-deficient subjects. These findings are consistent with the observations by other workers that an infusion of glucagon in dogs or humans can acutely increase RPF and GFR [20-231. 
